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ABSTRACT 
Position determination is one the most important aspects of navigation for 
an autonomous vehicle and can be accomplished through a variety of methods. 
Advances in Global Positioning System (GPS) technology, improved accuracy by 
a Wide Area Augmentation System (WAAS), wider coverage, easy integration 
and low cost, make GPS the most preferable alternative for the navigation of 
autonomous vehicles. However, an autonomous vehicle must be able to navigate 
and determine its position on earth without external navigation aids such as GPS, 
Loran and Transit. A method of inertial navigation, called dead reckoning, where 
the robot calculates its position from a known reference position through using 
laser range finders, gyros, shaft encoders and accelerometers, becomes more 
important for navigation with no external aids.  
This thesis examines the navigation ability for robots using a three degree 
of freedom accelerometer, which can sense the instantaneous accelerations in 
three dimensions. Tests and results of the accelerometer as an inertial system 
for a mobile robot are implemented in 1-D and 2-D. The results demonstrated 
that Crossbow MEMS accelerometer can be used for a distance of 10 meters for 
mobile robot navigation with different levels of errors according to the path 
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For an autonomous robot, position determination is of primary importance 
to the navigation scheme. One would think that attaching an accurate GPS 
(Global Positioning System) sensor could be a solution to the localization 
problem. However, “such a sensor is not currently practical” [11]. The accuracy of 
GPS can be as good as 2-3 meters, but this is not desirable for the navigation of 
miniature mobile robots. Moreover, GPS signals are not available indoors and in 
underwater operational environments [11]. This situation makes an Inertial 
Navigation System (INS) increasingly important in autonomous robotic 
applications. “INS is self-contained, because it is independent of external 
reference points and passive because no energy is transmitted to obtain 
information from an external source, but like all dead-reckoning systems its 
output degrades with elapsed time and distance traveled, and must be reset 
periodically” [12].  
Dead reckoning is a common navigation technique. In order to estimate 
the change in position of a mobile robot, INS uses the outputs from dead-
reckoning sensors such as accelerometers (to measure acceleration), rate 
gyroscopes (to measure rate of change of velocity), and magnetometers (to 
measure heading) [1]. By integrating acceleration over time, INS can determine 
the instantaneous velocity, and then by integrating the instantaneous velocity, it 
can determine position. These integrated quantities are used to update the 
position of the robot, relative to a known or starting reference point. 
This thesis uses a three-degree of freedom accelerometer to estimate the 





B. RESEARCH QUESTIONS 
This thesis will examine the following research topics. 
• Evaluate the output of the three axes MEMS accelerometer 
• Develop a software configuration to convert the data from inertial 
sensor to determine the linear position displacement 
• Develop a software configuration to use the accelerometer for the 
three-dimension navigation of autonomous vehicles 
• Characterize the three axes MEMS Crossbow accelerometer 
C. ORGANIZATION OF THESIS 
The purpose of this thesis is to evaluate the acceleration and angular 
change in the robot’s fixed frame x, y, and z axes. This is accomplished using a 
digital accelerometer for the eventual implementation in an onboard inertial 
navigation system.  
An autonomous robot would be expected to operate in the absence of any 
external navigation aids. For example, an Underwater Autonomous Vehicle 
(UAV) must determine its position while navigating submerged. On the other 
hand, a Micro Aerial Vehicle (MAV), while operating in a building, must be able to 
find its target area. Inertial navigation becomes more important in cases like 
these.  
Chapter I presents the background for inertial navigational systems and 
the organization of thesis. 
Chapter II reviews the implementation of autonomous navigation as an 
integrated navigation system that employs both GPS and INS sensors. 
Chapter III provides specifications of Rabbit 2000 and Crossbow CXL-LP 
accelerometer. The evaluation and implementation of the accelerometer is 
discussed in this chapter. This chapter also includes codes in MATLAB and C 
programs, which are required for measuring the voltage outputs from 
accelerometer to get the accelerations and integration of accelerations to 
measure the displacement.  
 3
Chapter IV includes the analysis of the experimental results  
Chapter V presents the thesis conclusions and provides recommendations 
for future research. 
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II. AUTONOMOUS BEHAVIOR 
A. AUTONOMOUS NAVIGATION 
Autonomous robots can perform different levels of navigation without 
human guidance. They use variable kinds of inputs to determine their position 
and to stay in the desired track on the way to the target area. Autonomous robots 
are also expected to adapt themselves to changing surroundings by using 
information gained by the sensors on board. Sensors used for the autonomous 
robot navigation have a large range, from sensors using external navigation aids, 
such as GPS and LORAN to motion sensors, which sense the change in velocity 
and the angular change such as accelerometer, gyroscopes or other motion 
sensing devices [1]. 
Navigation of autonomous robots can be achieved through a variety of 
methods; however, they are mainly defined in two categories. 
• navigation based on external aids 
• navigation based on built-in sensors 
External-signal-based navigation systems such as, Loran, Omega and 
GPS, are able to estimate the position of [a] vehicle only when there is enough 
signal. ”Loran and Omega are inaccurate compared to GPS. While Loran covers 
almost the entire northern hemisphere, it has almost no coverage in the southern 
hemisphere” [2]. Improvements in GPS technology have increased its 
navigational accuracy worldwide. 
Sensor based navigation can be implemented by a built-in system that can 
automatically determine the position, velocity, and attitude of a moving vehicle for 
directing its future course. Based on prior knowledge of time, gravitational field, 
initial position, initial velocity, and initial orientation relative to a known reference 
frame (coordinate system), an inertial navigation system (INS) is capable of 
determining its present position, velocity, and orientation without the aid of 
external information. The generated navigational data are used to determine the 
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future course for a vehicle to follow to bring it to its destination. The sensors 
making these measurements, based on one of the basic properties of mass-
inertia, are gyroscopes and accelerometers [3].  
B. GPS NAVIGATION 
Among the positioning systems, GPS is the most accurate. A modern 
GPS unit is low cost and provides high accuracy compared to others, for 
example. 
• GPS is widely used 
• GPS receivers are easy to get at low costs 
• GPS system is reliable 
• GPS is used in various air and land navigation applications [4]  
Navstar GPS is a space-based positioning system that enables GPS 
receivers to determine their position, time and velocity. It is used for both military 
and civilian applications at different levels of accuracy. It was originally designed 
to provide navigation information to U.S. military forces” [5]. The system can be 
broken into three major parts. 
• The space segment 
• The user segment 
• The control segment 
The signals and segments of the GPS can be seen in Figure 1 in detail. 
1.  The Space Segment 
The space segment consists of orbit space vehicles (SVs) that are 
satellites providing signals-in- space (SIS). The GPS constellation comprises 24 
satellites orbiting Earth in radii of approximately 20.200 km. every 12 hours. The 
24 satellites are equally spaced 60 deg apart in six orbital planes of 55 deg. 
inclination. A user, from any point on the earth, can receive signals between five 




and navigation data by using code-division multiple access (CDMA) on two 
carrier frequencies; L1 (centered at 1575.42 MHz) and L2 (centered at 1227.60 
MHz) [7].  
 
 
Figure 1. Characterization of GPS signals and segments (From: [5]) 
2.  The User Segment 
The GPS user segment consists of thousands of GPS receivers on the 
ground, in the air and user community. When GPS was used first, two signals 
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were provided; a coded signal for military (P-code) and a non-coded signal for 
civil applications (C/A) and broadcast on different frequencies [5]. “C/A code is 
broadcast on the L-band carrier signal known as L1. The P-code is broadcast on 
the L1 carrier in phase quadrature with the C/A carrier and on a second carrier 
frequency known as L2” [5]. Characteristics of both the L1 and L2 signals are 
shown in Figure 2. They were broadcast on different frequencies. A GPS receiver 
receives the P-code or codeless signals from four or more satellites and these 
results are used to determine its current position [6]. 
 
 
Figure 2. Characteristics of the L1 and L2 carrier signals (From: [5]) 
3.  The Ground Segment 
A computer driven control segment is necessary to track the satellites 
because they cannot track their exact orbital location and time. “The control 




track the satellites and transmit corrected orbital parameters. Corrections made 
by the ground control station reduce clock errors caused by satellite components 
and signal errors caused by the atmosphere” [6]. 
In order to determine the position of a vehicle, the distances from the GPS 
receiver, mounted to the vehicle, to the four or more satellites must be calculated 
by measuring the difference between the time that the signal left the satellite and 
the time that it arrives at the receiver. The accuracy of GPS navigation depends 
on the type of receiver used. “GPS offers two services: (1) a civilian code, the 
standard positioning service (SPS) which is provided at no cost to civilian and 
commercial users worldwide with an accuracy level of 100 meters. (2) a military 
code, the precise positioning service (PPS) that can used only by U.S. military 
and its allies, a select number of authorized users at the accuracy level of 16 
meters” [5]. The users of the SPS cannot use the precise accuracy of the GPS 
due to the process called Selective Availability (SA). “SA is the purposeful 
inaccuracy in GPS navigation, accomplished by intentionally varying the precise 
time of the clocks on board the satellites which causes errors in the GPS signal 
that limits world-wide users to 100 meter horizontal accuracy with a 95% 
confidence level” [4],[5]. “PPS receivers with appropriate encryption keys can 
eliminate the effect of SA” [5].  
Other than selective availability, there are several errors affecting the 
accuracy of GPS. Atmospheric error is caused by GPS signal delay while 
travelling in the Earth’s atmosphere. Clock and ephemeris error are small amount 
of errors in time sent since GPS satellite can cause a certain amount of 
inaccuracy in determining a receiver’s position. Multipath errors are caused due 
to GPS signals reflections from surfaces such as building before reaching the 
receiver. Receiver errors are the errors caused by the noises that occur in 
receivers and they can be reduced by averaging over a short time [5]. Table 1 
shows GPS positioning errors. 
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Range Error Magnitude (meters) 
Error Source 
SPS PPS 
Selective Availability 24.0 0.0 
Atmospheric Delay 7.0 0.7 
Clock and Ephemeris 3.6 3.6 
Multipath 1.2 1.8 
Receiver noise 0.6 0.6 
Total User Equivalent Range Error 25.3 4.1 
Typical Horizontal DOP 2.0 2.0 
Total Stand-Alone Horizontal 
Accuracy 
101.2 16.4 
Table 1.   GPS Positioning Errors (From: [5]) 
In order to improve the accuracy of the basic GPS, many techniques have 
been used. Other systems can be found in the National Research Council, The 
Global Positioning System, National Academy Press, Washington, D.C. 1995. 
The Differential GPS (DGPS) is the most widely used method that has a receiver 
at a reference station, allowing the receiver to compare its real position with its 
GPS position. The differences are used to compute corrections to the GPS 
parameters then these corrections are broadcast to DGPS capable receivers 
[4],[5].  
C. INERTIAL NAVIGATION 
Inertial navigation is a simple, self-contained form of navigation that uses 
magnetometers, rate gyroscopes and accelerometers to determine the position 
of a vehicle relative to a reference point without using any external navigation 
signals. An inertial navigation system (INS) measures the accelerations in x, y, z 
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axes, integrates accelerations over time to obtain instantaneous velocities in 
three orthogonal axes, and then integrates the velocity to estimate the 
displacement of the vehicle or position of the vehicle in 3-D [4]. 
Inertial navigational systems mainly consist of two parts; (1) an inertial 
measurement unit (IMU), which contains accelerometers (one per axis) and 
gyroscopes, (2) navigation computers that measure the gravitational acceleration 
to determine attitude of the vehicle [8]. 
Gyroscopes measure the change in the direction of the robot’s movement; 
in other words, they measure the angular velocity of the robot in the robot’s 
reference frame. A navigation computer integrates the angular velocity to 
determine the change in the robot’s attitude. Using the initial orientation of the 
robot as an initial condition, the computer can estimate the orientation of the 
robot in the robot’s reference frame [15]. 
Accelerometers measure the linear acceleration of the robot in the robot’s 
reference frame. In order to determine the change in velocity and position of the 
robot, an integration process is applied to the acceleration data measured in X, Y 
and Z axes. By using the initial position and the velocity of the robot in 3-D, the 
current position and the instantaneous velocity of the robot can be known at any 
time through its track to the target area. 
Types of inertial navigational systems are mainly discussed in two 
categories: gimbaled and strapdown. In a gimballing inertial system, three 
orthogonal accelerometers are mounted on the inner gimbal to isolate the inside 
of the frame from external rotations. In a strapdown inertial system, the three 
mutually orthogonal accelerometers are mounted directly parallel to the body of 
the vehicle where they can continuously measure the changes in vehicle’s 
attitude [4]. “Strapdown systems are simpler and smaller compared to gimbaled 
systems, which make them more suitable for robots’ applications” [4]. 
Being small, self-contained, compact and survivable are some of the 
advantages that inertial navigational systems provide. Characteristic features of 
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the INS make it more survivable and difficult to destroy compared to radio 
navigation systems [4]. Besides its advantages, INS has some disadvantages 
and the primary one is that its positioning errors tend to accumulate over time 
since it is not using any external aids to update itself periodically. For short 
periods, it can be used for navigation of autonomous vehicles by itself; however, 
it needs to be integrated with a radio-navigation system like Transit or GPS for 
longer periods of navigation, which is known as integrated navigation systems. 
This thesis characterizes the MEMS Crossbow accelerometer as a mechanism 
for robotic navigation system for GPS backup. 
D. INTEGRATED NAVIGATION 
The most common type of the integrated navigation systems is the one 
that uses an inertial navigation unit with a GPS receiver. Since each of them 
have different advantages and drawbacks, it can be thought that they complete 
with each other, when used together. As mentioned before, one of the main 
drawbacks of the INS is the error the system tends to accumulate over time. INS 
needs to be aligned periodically to mute the error by using external navigation 
signals such as GPS. In other words, INS can be used for short-term navigation. 
The period of the navigation depends on the level of accuracy needed. The 
longer INS is used alone as a navigation system, the higher error there is since 
position errors degrade over time. GPS position errors are independent of the 
time GPS is used alone as a navigation system. Thus, the period of GPS usage 
for the robot’s positioning system does not affect the accuracy of the navigation. 
However, INS has less errors than GPS for short-term navigation. The integration 
of the GPS receiver and INS could give the optimum result for short and long-





Since the purpose of this thesis is to characterize the performance of the 
accelerometer for use as a dead reckoning sensor, it was realized early on that it 
was important to develop a technique to handle sensor noise in the measured 
data. See Figure 3.  
 
 
Figure 3. Example of noisy data in time domain 
Examining Figure 3, it is apparent that the higher frequencies need to be 
filtered. Therefore, the signals are transformed by FFT to the frequency domain. 
This is done in MATLAB. See Figure 4. 
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Figure 4. Acceleration data in frequency domain 
It was determined that the signal for all data collections was under 10hz. 
Therefore, a low pass filter applied to that data was used to clean up the signal. 
Figures 5 and 6 show the filtered frequency domain and the final filtered signal, 








Figure 5. Filtered data in frequency domain 
 
Figure 6. Filtered acceleration data 
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III. EXPERIMENTAL SETUP 
A. INTRODUCTION 
Figure 7 shows the experimental setup. It consists of a MEMS Crossbow 
accelerometer, a BL2000 Microprocessor, a computer that runs the Dynamic C 
program and the straight and curved tracks used for the experiments in 1-D and 
2-D. The functions and features of each element will be discussed in detail later 
in this chapter.  
B.  DATA COLLECTION 
Data collection was a fairly straightforward process. A program was 
written in the development environment for Dynamic C on the laptop computer. 
This program is then compiled and loaded via the RS-232 connection to the 
BL2000 microprocessor. The BL2000 runs the program in RAM and monitors the 
3 analog inputs from the Crossbow Accelerometer. These analog voltages, 
representing accelerations in X, Y, and Z, are then converted to digital numbers 
by a 12 bit conversion, formatted, and sent to the laptop for storage and analysis. 
 
Figure 7. System layout 
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C.  HARDWARE 
1. BL2000 Microcontroller 
a. Overview 
The BL2000, shown in Figure 8, is an advanced single-board 
computer that incorporates a Rabbit 2000 microprocessor, operating at 22.1 
MHz, 128K static RAM and 256K flash memory, 28 digital I/O ports, nine 12-bit 
A/D converter inputs, two 12-bit D/A converter inputs, a SPDT relay output, and a 
10Base-T Ethernet port. 
 
 
Figure 8. BL2000 Microprocessor (From: [14]) 
b. Specifications 
Electrical, mechanical and environmental specifications for BL2000 












Figure 10. The specifications of BL2000 (From: [13]) 
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Figure 11. The specifications of BL2000 (From: [13]) 
2. Crossbow MEMS Accelerometer 
a. Overview 
The Crossbow LP Series accelerometer, as seen in Figure 12, is a 
general purpose, low cost, linear acceleration and/or vibration sensor. The 
accelerometer used in this research is CXL10LP3-P, which can measure 
acceleration in three orthogonal axes up to ± 10 g and operates on a single +5 
VDC power supply. The sensing element of the accelerometer is a silicon micro-
machined capacitive beam, which provides direct high-level analog voltage 
output that requires no external signal conditioning. The output voltage is 
typically 2.5 V for zero g with ±  2.0 V output span. Sensitivity is 200+-10 mV/g. 






Figure 12. Crossbow CXL10LP3-P accelerometer 
The Crossbow CXL10LP3-P accelerometer provides acceptable 
performance when compared to some of the more expensive piezoelectric and 
piezoresistive accelerometers.  
b. Specifications 




Figure 13. The specifications of Crossbow MEMS accelerometer 
D.  SYSTEM SETUP 
Having installed the Dynamic C version 7.04 to the PC, the BL2000 
microprocessor is connected to the PC via a 10-pin programming cable, as seen 
in Figure 14. The other end of the programming cable is connected to a COM 
port on the PC. The microprocessor can download programs from the PC and 
debug the BL2000 through a programming cable. The DC end of the power 
supply is plugged into jack J7 as seen in Figure 14.  
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Figure 14. Connecting BL2000 to PC (Picture taken on October 14, 2008) 
Using the pin diagram from Figure 13, the Crossbow MEMS 
accelerometer is connected to the BL2000 microprocessor. The white, yellow 
and green cables, as shown in Figure 14, are X, Y and Z axis outputs connected 
to the serial port on the BL2000 microprocessor. The red and black cables from 
accelerometer are connected to +5V DC and ground, respectively. 
The C-code program is used for reading the digital voltage outputs from 
BL2000 via the Dynamic C version 7.04. The output of the program gives the 
instantaneous accelerations in three axes in voltage and in SI units (m/s^2) in 
ASCII format. C-code can be found in Appendix A. See Table 2 for an example of 









X Y Z Ground 
Crossbow 
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Time Accel(X) Accel(Y) Accel(Z) 
(second) (Volt) (m/s^2) (Volt) (m/s^2) (Volt) (m/s^2) 
0.0000 2.0800 0.1297 1.8284 0.0951 2.1608 -0.2355 
0.0470 2.0700 -0.3596 1.8234 -0.1486 2.1608 -0.2355 
0.0970 2.0750 -0.1149 1.8234 -0.1486 2.1658 0.0098 
0.1430 2.0700 -0.3596 1.8284  0.0951 2.1658 0.0098 
0.1900  2.0750 -0.1149 1.8284 0.0951 2.1658 0.0098 
0.2370 2.0750 -0.1149 1.8284  0.0951 2.1658 0.0098 
0.2840 2.0800 0.1297 1.8284 0.0951 2.1658 0.0098 
0.3310 2.0750 -0.1149 1.8284 0.0951 2.1658 0.0098 
Table 2.   Sample data output from the C-program 
Matlab was used to calculate the displacement, from the measured 
acceleration using the Euler method. This code can be found in Appendix B.  
In order to verify the Matlab code, the code was run for constant 
acceleration for a limited time to calculate the instantaneous velocity and 












where: a: acceleration, t: time and Vo: Initial velocity, Xo: Initial distance. 
Xo and Vo are assumed to be zero. 
The Matlab code was run for a constant acceleration (2 m/s^2) for a period 
of 16 seconds to calculate instantaneous velocity and displacement by using 
equations(1) mentioned above. Two lines were added to the code for 
acceleration and time entry; 
a=[ 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2]; 
t=[0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16]. 
Figures 15-17 show the results. 
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Figure 15. Acceleration data, velocity and displacement (a=2m/s^2 and t=16s) 
 
Figure 16. Acceleration data in frequency domain and low pass filter 
(a=2m/s^2 and t=16s) 
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Figure 17. Filtered acceleration data, velocity and displacement (a=2m/s^2 
and t=16s) 
For example, at the 10th second, the instantaneous velocity can be 
calculated as 20m/s using the velocity equation.  
;0 atVV += V= (2m/s).(10s)=20m/s, 
and displacement can be calculated as 100m. 
2
00 2
1 attVXX ++= ; X=1/2.(2m/s).(10s)^2=100m. 
For the 14th second, velocity as 28m/s and displacement as 196m can be 
calculated. These results perfectly match the velocity and displacement results 
from the Matlab plots above. 
As previously mentioned, a low pass filter was used to filter noise. In the 
first plot, as shown in Figure 18, the instantaneous acceleration, velocity and 
displacement can be seen.  
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Figure 18. Unfiltered acceleration data, velocity and displacement 
In the second plot, as seen in Figure 19, data in the frequency domain and 
low pass filter can be seen. Filtered data can be seen in the third plot. See Figure 
20. The filtering procedure, plots and evaluation of the data will be discussed in 
detail in Chapter IV. 
 
 













Figure 20. Filtered acceleration, velocity and displacement 
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IV. TEST AND EVALUATION 
A. STATIONARY ACCELERATION APPLICATION 
The first test run of the Crossbow CXL10LP3-R accelerometer was 
executed while there was no movement in 3-D. A bubble level was used to 
eliminate any tilt in the X-Y plane. See Figures 21 and 22.  
 
 
Figure 21. Crossbow accelerometer mounted on a platform (Picture taken on 






Figure 22. Crossbow accelerometer leveled with a bubble level (Picture taken 
on October 15, 2008) 
Forty-five seconds of collected data showed too much noise and an 
unacceptable drift of approximately eight meters in the positive X direction as 
seen in Figure 23. The data was then filtered as discussed above. Figure 24 
shows the FFT of the acceleration, the low pass filter and the cleaned up signal. 
The low pass filter was set abruptly at 10hz. Figure 25 shows the filtered 
acceleration and the calculated velocity and displacement. It appears that the 




Figure 23. Acceleration data, velocity and displacement with no movement 
(Unfiltered) 
  
Figure 24. Acceleration data in frequency domain (Low pass filter) 
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Figure 25. Acceleration data, velocity and displacement after filtering 
Five more data sets where collected in this configuration with the results 
shown in Figures 26-35. Figures 26-30 show the acceleration data, velocity and 
displacement sensed in the X-axis. Figures 31-35 show the acceleration data, 
velocity and the displacement sensed in the Y-axis.  
 
Figure 26. Stationary data in X-axis (1) 
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Figure 27. Stationary data in X-axis (2) 
 
Figure 28. Stationary data in X-axis (3) 
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Figure 29. Stationary data in X-axis (4) 
 
Figure 30. Stationary data in X-axis (5) 
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Figure 31. Stationary data in Y-axis (1) 
 
Figure 32. Stationary data in Y-axis (2) 
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Figure 33. Stationary data in Y-axis (3) 
 
Figure 34. Stationary data in Y-axis (4) 
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Figure 35. Stationary data in Y-axis (5) 
For the stationary case, according to the data, it can be said that it is 
possible to rely on the accelerometer only for about the first 5 seconds; after 5 
seconds, accelerometer measurements are not reliable due to drift. To make the 
accelerometer useful in the static case, it would be necessary to have a priori 
knowledge about its status and ignore the drift when it is known that there is no 
motion. The acceleration output data can be found in Appendix C. 
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B. 1-D APPLICATION 
For evaluation of the accelerometer in 1-D, ten sets of experiments with 
different accelerations were conducted in the positive and negative directions of 
the X and Y axes. The accelerometer was mounted on the rolling cart as seen in 
Figure 36. The track for the cart was leveled with a digital level in the X-Y plane. 
Then, the accelerometer was leveled on top of the cart again.  
 
Figure 36. Leveled path and the rolling cart with accelerometer 
Figure 36 shows the leveled path and rolling cart with the accelerometer. 
The accelerometer was moved in positive and negative directions of the X-axis 
for a distance of 40 cm for ten times, five times in each direction with different 
accelerations. Figures 37-41 show the acceleration data, velocity and 




Figure 37. Acceleration data in positive X-axis (1)  
 





Figure 39. Acceleration data in positive X-axis (3) 
 





Figure 41. Acceleration data in positive X-axis (5) 
 
Figure 42. Calculation of displacement in positive X-axis 
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Figure 42 shows how the displacement after a move was calculated. The 
black vertical lines indicate where the move was started and stopped, in time. For 
example, Figure 42 shows that the move started at 1.5 seconds and ended at 2.5 
seconds. The resulting displacement calculation, (0.49 m – 0.085 m) resulted in a 
40.5 cm move in the positive x direction, which is remarkably accurate. In effect, 
stationary drift before and after the move was ignored.  
 
Number of tests t= t1 t= t2 Measured 
displacement 
Deviation 
Test 1 0.0850 m 0.4900 m 40.50 cm 0.5 cm 
Test 2 0.0651 m 0.4726 m 40.75 cm 0.75 cm 
Test 3 0.0585 m 0.4235 m 36.50 cm -3.5 cm 
Test 4 0.0070 m 0.3930 m 38.60 cm -1.4 cm 
Test 5 0.0055 m 0.3550 m 34.95 cm -5.05 cm 
Table 3.   Measured displacements in positive X-axis for a real distance of 40 cm  
From the results shown in Table 3, it is observed that the standard 
deviation of the measured displacements for 40 cm movement in the positive X-
axis is 2.24 cm. In this case, the error of the accelerometer is 5.6%. In other 
words, the accuracy of the accelerometer in measuring the displacement in the 
positive X-axis is 94.4%. 
For the movement of the accelerometer in the negative X-axis, Figures 43-
47 show the acceleration data, velocity and displacement in positive direction of 
the X-axis for a distance of 40 cm. 
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Figure 43. Acceleration data in negative X-axis (1) 
 





Figure 45. Acceleration data in negative X-axis (3) 
 





Figure 47. Acceleration data in negative X-axis (5) 
To determine the accuracy of the accelerometer for the movement in the 
negative X-axis, the exact same method was used as in measuring the 
displacement in the positive X-axis. From the acceleration data, the times at 
which movement started and stopped was deduced. Then the difference in 
displacement between those times was calculated to obtain the measured 
displacement in the negative X-axis. Figure 46-47 show that the acceleration 
measured by the accelerometer after it stops, which should be zero, is equal or 
larger than the acceleration measured during the movement. It is a good 









Number of tests t= t1 t= t2 Measured 
displacement 
Deviation 
Test 1 -0.0405 m -0.4400 m 39.95 cm -0.05 cm 
Test 2 -0.0100 m -0.3750 m 36.50 cm -3.50 cm 
Test 3 -0.0400 m -0.3553 m 31.53 cm -8.47 cm 
Test 4 -0.0235 m -0.3520 m 32.85 cm -7.15 cm 
Test 5 -0.0250 m -0.3753 m 35.03 cm -4.97 cm 
Table 4.   Measured displacements in negative X-axis for a real distance of 40 
cm  
From the results shown in Table 4, it can be said that the average of the 
deviations in measured displacements for a 40 cm movement in the negative X-
axis is 4.828 cm. The accuracy of the accelerometer in measuring the 
displacement in the negative X-axis is 87.9%, which is less than the accuracy in 
the positive direction of the X-axis (94.4%). 
Figures 48-52 show the acceleration data, velocity and displacement in 
the positive direction of the Y-axis for a distance of 40 cm. 
 
Figure 48. Acceleration data in positive Y-axis (1) 
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Figure 49. Acceleration data in positive Y-axis (2) 
 
Figure 50. Acceleration data in positive Y-axis (3) 
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Figure 51. Acceleration data in positive Y-axis (4) 
 
Figure 52. Acceleration data in positive Y-axis (5) 
Using the plots that show the acceleration data, the times at which the 
move started and stopped in the experiments can be obtained. Then, the 
measured displacement is calculated using the same method explained 
previously. Table 5 shows the measured displacements in positive Y-axis and 
deviations from real distance.  
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Number of tests t= t1 t= t2 Measured 
displacement 
Deviation 
Test 1 0.0033 m 0.3212 m 31.79 cm -8.21 cm 
Test 2 -0.0492 m 0.2423 m 29.15 cm -10.85 cm 
Test 3 -0.0180 m 0.2166 m 23.46 cm -16.54 cm 
Test 4 -0.0500 m 0.2225 m 27.25 cm -12.75 cm 
Test 5 0.0110 m 0.3200 m 30.90 cm -9.10 cm 
Table 5.   Measured displacements in positive Y-axis for a real distance of 40 cm  
From the result shown in Table 5, it can be said that the absolute average 
of the differences between measured displacements and real distance of 40 cm 
in the positive Y-axis is 11.49 cm. For the positive Y-axis, the error of 
accelerometer is 28.7%. In other words, the accuracy of the accelerometer in 
measuring the displacement in the positive Y-axis is 71.3%. 
For the movement in the negative Y-axis, Figures 53-57 show the 
acceleration data, velocity and displacement. 
 




Figure 54. Acceleration data in negative Y-axis (2) 
 





Figure 56. Acceleration data in negative Y-axis (4) 
 






Using the data from Figures 53-57, the measured displacements for the 
accelerometer in the negative Y-axis were calculated, as shown below. 
 
Number of tests t= t1 t= t2 Measured 
displacement 
Deviation 
Test 1 0.0100 m -0.2300 m 24.00 cm -16.00 cm 
Test 2 -0.0150 m -0.3200 m 30.50 cm -9.50 cm 
Test 3 -0.0200 m -0.3730 m 35.30 cm -4.70 cm 
Test 4 -0.0150 m -0.3840 m 36.90 cm -3.10 cm 
Test 5 0.014 m -0.2200 m 23.40 cm -16.60 cm 
Table 6.   Measured displacements in negative Y-axis for a real distance of 40 
cm  
From the results shown in Table 6, it is observed that the average of the 
measured displacements error is 9.98 cm. The accuracy of the accelerometer in 
measuring displacement in the negative Y-axis is 75.05%. 
Combining the results of the experiments for a distance of 40 cm in the X 
and Y axes, the position of the mobile robot in two axes can be estimated 
separately. Figure 58 shows the estimation of the robot displacement in the X 





Figure 58. Accuracy of accelerometer in measuring displacement in 
positive/negative X and Y axes 
C. 2-D APPLICATION 
Two-dimensional data were collected for motion on a straight and curved 
path. For the straight path, the accelerometer was moved in four directions in the 




Figure 59. 2-D Straight path experiments for Crossbow accelerometer  
Twenty sets of data were collected in this configuration, five sets for each 
direction. Prior to each run, the accelerometer was leveled with a bubble and 
digital level as shown in Figure 60.  
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Figure 60. Leveled path in 2-D 
Figures 61-65 show the acceleration data, and the calculated velocity and 






































































Table 7 is a summary of the data collected for these displacements. 
 










Test 1 35.50cm 26.00 cm -4.5 cm -14.00 cm 
Test 2 33.00 cm 26.30 cm -7.0 cm -13.70 cm 
Test 3 38.30 cm 30.40 cm -1.7 cm  -9.60 cm 
Test 4 40.80 cm 35.40 cm 0.80 cm  -4.60 cm 
Test 5 29.00 cm 29.80 cm -11.00 cm -10.20 cm 
Table 7.   Components of measured displacements in +X and +Y for a real 
distance of 56.56 cm  
From the results shown in Table 6, it can be seen that the absolute 
averages of the deviations in measured displacements are 5 cm and 10.42 cm 
for the positive X and Y directions, respectively.  
Figure 66 shows the real and measured paths for individual runs. A blue 
point marks the position where the accelerometer stops. Path projection after the 
stop is attributed to accelerometer stationery drift.  
 
Figure 66. Real and measured paths followed by accelerometer in +X and +Y 
axes 
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Figures 67-71 show the results of data collected for the negative X and 














































Table 8 summarizes the data for the calculated displacement in the 
negative X and positive Y direction.  
 










Test 1 26.00 cm 44.30 cm -14.00 cm 4.30 cm 
Test 2 34.50 cm 33.00 cm -5.50 cm -7.00 cm 
Test 3 35.50 cm 40.50 cm -4.50 cm 0.50 cm 
Test 4 31.30 cm 43.40 cm -8.70 cm 3.40 cm 
Test 5 28.00 cm  31.50 cm -12.00 cm -8.50 cm 
Table 8.   Components of measured displacements in -X and +Y for a real 
distance of 56.56 cm. 
The results show that the absolute values of the averages of the deviations in 
measured displacements are 8.94 cm and 4.74 cm for the negative X and 
positive Y axis, respectively. Figure 72 compares the measured and calculated 
motion shown in blue with the ground truth, shown in black. 
 
Figure 72. Real and measured paths followed by accelerometer in –X and +Y 
axes 
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Figures 73-77 shows the results for the motion of the accelerometer in the 

































































Figure 77. Acceleration data, velocity and displacement in –X and –Y (5) 
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Table 9 summarizes the data collected for the X and Y components of the 
real distance versus measured in the -X and –Y directions. 
 










Test 1 30.60 cm 36.35 cm -9.40 cm -3.65 cm 
Test 2 34.00 cm 33.60 cm -6.00 cm -6.40 cm 
Test 3 41.50 cm 35.00 cm 1.50 cm -5.00 cm 
Test 4 38.50 cm 41.00 cm -1.50 cm 1.00 cm 
Test 5 36.00 cm 34.50 cm -4.00 cm -5.50 cm 
Table 9.   Components of measured displacements in -X and -Y for a real 
distance of 56.56 cm  
The results for the case of movement of accelerometer in the negative X 
and negative Y directions show that the average absolute values of the 
deviations are 4.48 cm and 4.31 cm in the negative X axis and negative Y axis, 
respectively. Figure 78 shows the paths measured by the accelerometer and the 




Figure 78. Real path and measured paths followed by accelerometer in –X 
and -Y axes 
Figures 79-83 shows the results of the experiment for the movement of 


































































Table 10 shows the measured displacements and the deviations from the 
X and Y components of the real distance of 56.56 cm. in +X and –Y. 
 










Test 1 40.00 cm 25.00 cm 0.00 cm -15.00 cm 
Test 2 33.60 cm 25.50 cm -6.40 cm -14.50 cm 
Test 3 29.50 cm 33.60 cm -10.50 cm -6.40 cm 
Test 4 43.90 cm 26.20 cm 3.90 cm -13.80 cm 
Test 5 30.00 cm  27.10 cm -10.00 cm -12.90 cm 
Table 10.   Table 10 Components of measured displacements in +X and -Y for a 
real distance of 56.56 cm  
The average absolute values of the deviations for the case of the 
movement of the accelerometer in the positive X and the negative Y directions 
are 6.16 cm and 12.52 cm in the positive X axis and the negative Y axis, 
respectively. Figure 84 shows the real displacement and the paths followed by 
the accelerometer and the points where the accelerometer stops. 
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Figure 84. Real path and measured paths followed by accelerometer in +x and 
–Y axes 
The data indicates that the accuracy of the accelerometer in measuring 
displacement, for a straight path, changes according to the direction of motion. 
Figure 85 shows a summary of these results. The ellipse indicates the expected 






Figure 85. The areas of which robot is expected to be after the move in a 
straight path of 56.56 cm. 
For the curved path experiment, the Crossbow accelerometer was 
mounted on a leveled wheel as seen in Figure 86. The accelerometer was 
leveled along the lever and along the 90 degrees arc by using two bubble levels 
and a digital level. The radius of the arc was 40 cm. In the accelerometer 
reference frame, the positive X axes points in the direction of the curvilinear 
movement and the positive Y axes points to the center of the wheel. In other 
words, the accelerometer is moved in clockwise in a 90-degree arc, as seen in 
Figure 86, and it senses the acceleration in the positive X axes along the curved 





Figure 86. Accelerometer setup for 90 degree curvilinear movement 
With this set-up, the accelerometer was swung through a 90 degree arc 
moved clockwise in a curvilinear path. Total displacement between the starting 
point and ending point is measured via calculating the X and Y components of 
the curved path. It is known that the displacements in the X and Y axis have to 
be 40 cm since the radius of the arch is 40 cm and the angle between the 
starting and ending points is 90 degrees. Thus, the accuracy of the 
accelerometer in measuring the displacement for curvilinear motion can be 
estimated.  
Five sets of experiments were conducted with different accelerations. 
Figures 87-96 show the acceleration data, velocity and the measured 












Figure 87. Acceleration data, velocity and measured displacement in X and Y 
axes (1) 






Figure 88. Measured curvilinear path and the measured final point in X and Y 
axes (1)  
As seen in Figure 87, along the X-axis, there is first a positive acceleration 
followed by a negative acceleration as the accelerometer slows down. However, 
it is not the same for the Y-axis. Along the Y-axis, only what is observed is the 
acceleration increasing as the accelerometer speeds up and acceleration 
decreases to zero as it slows down. Acceleration in the negative direction does 
not occur because the accelerometer is set at a fixed arc length by the 
experimental set up. In other words, r is a constant. As mentioned previously, this 
occurs because the positive Y-axis points towards the center of the wheel, which 
is in the same direction as the centripetal force. On the other hand, it is obvious 
that e positive or negative acceleration for the tangential (X) direction will be seen 
due to clockwise or counter-clockwise motion, respectively. Figures 89 through 














Figure 89. Acceleration data, velocity and measured displacement in X and Y 
axes (2) 
 

































































































Figure 96. Measured curvilinear path and the measured final point in X and Y 
axes (5) 
Table 11 summarizes the differences between real distances and the 
measured displacements by the accelerometer in the X and Y directions. As 
mentioned previously, the total displacement is 40 cm in both the X and Y axes. 
 










Test 1 41.75 cm 33.00 cm 1.75 cm -7.00 cm 
Test 2 50.00 cm 44.00 cm 10.00 cm 4.00 cm 
Test 3 38.50 cm 36.00 cm -1.50 cm -4.00 cm 
Test 4 50.50 cm 39.00 cm 10.50 cm -1.00 cm 
Test 5 37.50 cm  38.00 cm -2.50 cm -2.00 cm 
Table 11.   Measured displacements in X and Y axes for movement of 
accelerometer in curved path 
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From the results shown in Table 11, it is observed that the absolute values 
of average errors are 5.25 cm and 3.6 cm in the X and Y axes, respectively. 
Figure 97 shows the results of the experiments for the movement of the 
accelerometer in a curved path. The ellipse shows the area that the 
accelerometer is expected to be found after swinging a 90 degrees arc. Figure 97 
shows the dimension of the ellipse. 
 
 
Figure 97. The results for curvilinear motion 
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V. CONCLUSION AND FUTURE RESEARCH 
A. CONCLUSION 
The experimental results have provided a useful evaluation of the 
Crossbow three axes MEMS accelerometer for motion in 1 and 2 dimensions. 
The Crossbow accelerometer’s use as a stand-alone INS device is determined to 
be marginal for distances much greater than 10 meters. Navigational errors are 
projected to be 0.14 m^2 for a 10 meter navigation path. This conclusion is an 
extrapolation of the data for a 0.4 meter move in 2 dimensions. 
No-motion drift, an average of 35 meters per minute, was deemed to be 
unacceptable for INS navigation for a small autonomous robot, but could easily 
be handled by a priori knowledge of platform motion. In other words, if the robot 
is known not to be in motion, ignore the accelerometer out-put until there is 
motion. One and two dimensional data verified our displacement algorithm for 
movements of 0.4 meters (straight path) and 0.63 meters (curvilinear arc) to 
within an average error of 7 %. 
High frequency noise (frequencies greater than 10 Hz) was successfully 
managed with Fourier transform techniques. 
The performance of the accelerometer (+/-10 G) is well suited for the 
expected G regime of standard land based autonomous robots. INS performance 
will be greater enhanced as a part of a coordinated INS solution including but not 
limited to vision, shaft encoders.  
B. FUTURE RESEARCH  
The Crossbow accelerometer should be tested on an actual robotic 
platform in the dead reckoning mode. Better filtering methods could improve the 
performance of the Crossbow accelerometer in measuring displacement via 
double integration of acceleration data. The Kalman Filter should be explored as 
a real-time filter technique for handling path projection and noise while in a dead 
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reckoning mode. By using a robotic arm, the Crossbow accelerometer should be 
moved for a certain range of accelerations to discover the best acceleration to 
use in case of GPS signal loss. 
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APPENDIX A.  C-CODE 
 
/******************************************************** 
** Dynamic C Code Written for the Z-World    ** 
** BL2000 Microcontroller to read Acceleration  ** 
** Data from the Crossbow accelerometer.     ** 
**                                     ** 
** Written by RM Harkins, Modified by E Emir   ** 
** Date: 10 September 2008                ** 
** Rev: 1                                ** 
**                                     ** 
** Usage: Compile to the BL2000 and run      ** 




auto float voltagex, voltagey, voltagez, accx, accy, accz, t; 
auto float vf, vi, d, t0; 
int x; 
 
//auto int t; 
auto char s[80]; 
float xsum, ysum, zsum, xref, yref, zref, deltat; 
float vy, vysum, vysumave; 
brdInit(); 
 
xsum = 0; 
ysum = 0; 
zsum = 0; 
 
/*Here we read the data from the accelerometer X, Y and Z to *  
* get average values for the accelerations in each. I helps    * 
* us find what zero g is for each axis before we collect data   */ 
 
for(x = 0; x<100; x++){ 
voltagex = anaInVolts(0); 
xsum = xsum + voltagex; 
voltagey = anaInVolts(1); 
ysum = ysum + voltagey; 
voltagez = anaInVolts(2); 




xref = xsum/x; 
yref = ysum/x; 
zref = zsum/x; 
 
printf("Ave Steps %d %9.4f %9.4f %9.4f\n", x, xref, yref, zref); 
printf("-----------------------------------------------------\n\n"); 
 
t0 = MS_TIMER; 
vi = 0; 
x = 0; 
vysum = 0; 
vysumave = 0; 
accx = 0; 
accy = 0; 




t = MS_TIMER; 
t = (t - t0)/1000; 
voltagex = anaInVolts(0); 
accx = (9.8*(voltagex-xref))/0.2; 
voltagey = anaInVolts(1); 
accy = (9.8*(voltagey-yref))/0.2; 
deltat = t/(float)x; 
voltagez = anaInVolts(2); 
accz = (9.8*(voltagez-zref))/0.2; 
 
printf("%9.4f %9.4f %9.4f %9.4f %9.4f %9.4f %9.4f\n", t, voltagex, accx, 








APPENDIX B.  MATLAB CODE 
/********************************************************* 
** MATLAB Code                         ** 
** Written for filtering data from the Crossbow   ** 
** accelerometer and                      ** 
** integration of acceleration data to calculate   ** 
** the velocity and displacement             ** 
**.            ** 
**                                      ** 
** Written by E Emir                       ** 
** Date: 10 August 2008                    ** 
** Rev: 1                                ** 
**                                      ** 
** Output: Plots for instantaneous velocity and  ** 









%%Here we integrate the acceleration to calculate the velocity and  
%%integrate the velocity to get the displacement by using Euler method. 
k=length(a)-1; 
for n=1:k 
  vel(n+1)=(t(n+1)-t(n))*(a(n+1)+a(n))/2+vel(n); 

















%% In order to remove the noise in high frequencies we transform the    





plot(abs(f)) % Acceleration data in frequency domain before filtering. 
title('Acceleration in Frequency Domain '); 
NN=10; 
% Filtering the noise in frequencies higher than 10 Hz. 
f(NN:(length(a)-NN))=0;  
subplot(3,1,2) 
% Here the filtered data is shown in freq domain 
plot(abs(f))  
e=real(ifft(f));  
% Transforming data back to the time domain by using Inverse Fourier 
transformation. 
subplot(3,1,3) 
% Filtered data is shown in time domain 
plot(t,e), grid 











  vel(n+1)=(t(n+1)-t(n))*(a(n+1)+a(n))/2+vel(n); 





title('Acceleration(After Filtering) vs Time '); 
xlabel('Time(s)'); 
ylabel('Acceleration (m/s^2)'); 
subplot(3,1,2), plot(t,vel),grid  
% Plot shows instantaneous velocity versus time 





% Here plot shows displacement versus time 
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